The surface and interface sensitive technique of optical second-harmonic generation ͑SHG͒ has been applied spectroscopically and time-resolved before, during, and after low energy ͑70-1000 eV͒ Ar + -ion bombardment of H-terminated Si͑100͒. The photon energy range of the fundamental radiation was ប = 0.76-1.14 eV. Besides physical sputtering of the silicon, ion bombardment of crystalline silicon damages and amorphizes the top layer of the sample and thereby creates a layered structure of amorphous silicon ͑a-Si͒ on crystalline silicon. The SHG radiation, which is sensitive to the Ar + -ion flux, ion energy, and the presence of reactive gas species, originates from the top surface of the sample and from the interface between a-Si and c-Si. From a comparison with the SHG results obtained at a fundamental radiation of ប = 1.3-1.7 eV, it is concluded that the SHG radiation during and after creation of this structure dominantly originates from the tails of electronic transitions in the E 0 Ј/ E 1 energy region rather than from silicon dangling bonds.
I. INTRODUCTION
The miniaturization of device structures is a key economical driver for the semiconductor industry. To maintain the required progress in the manufacturing processes, one of the challenges is the need to adequately model the dynamics of damage, amorphization, defect creation, and stress during materials processing, as identified by the International Technology Roadmap for Semiconductors.
1 A main cause for such issues is the collision cascade resulting from energetic ion bombardment in the dry etching or ion implantation processes used in the semiconductor industry. In conjunction with the modeling, there is the need for experimental data to complement and verify the modeling efforts. Additionally, the complexity of the processing tools and systems require increased insight into the surface reaction mechanisms during processing.
2 Furthermore, as the surface-to-volume ratio increases the influence of surface defects becomes more important for device performance. In addressing these issues by experiments, in situ diagnostics are favored that are capable of capturing the dynamics of the processes involved during processing, preferably being surface and interface specific.
The use of the nonlinear optical technique of ͑spectro-scopic͒ second-harmonic generation ͑SHG͒ as a diagnostic tool is very interesting, especially for Si-based materials processing. The process of SHG, in which two photons of equal energy are converted into one photon with the sum energy, is intrinsically surface and interface sensitive in centrosymmetric materials such as c-Si. Being all-optical, SHG is also noninvasive and suitable for in situ application. These aspects combined with the fact that SHG is sensitive to Si dangling bonds [3] [4] [5] and Si-Si strained bonds 6, 7 have led to a wealth of studies on c-Si surfaces and the technologically important interface of c-Si/ SiO 2 ͑see Ref. 8 and references therein.͒ The use of SHG in studies related to materials processing with ion bombardment is, however, still limited. Heinz et al. 3 used Ar + -ion bombardment to disturb the signal of a reconstructed silicon surface, measured at a single photon energy of ប = 1.17 eV. Gielis et al. 9 performed a spectroscopic SHG study on c-Si during ion bombardment; a study that forms a basis for the work described in this article. Furthermore, related studies, during film growth of a-Si: H on c-Si, were carried out by Kessels and co-workers. 10, 11 The papers of Gielis and co-workers suggest that it might be possible to measure strained and dangling bonds during materials processing. Because the SHG response from damaged Si is partially related to amorphous silicon ͑a-Si͒, it is also worth mentioning here that several studies have measured the SHG response from a-Si, 12, 13 hydrogenated a-Si ͑a-Si: H͒, 14 and amorphous silicon nitride ͑a-SiN x :H͒. 15 With respect to spontaneous etching of Si, as opposed to physically etching Si by energetic ions, the studies of Haraichi and co-workers [16] [17] [18] are relevant. These studies involved several SHG experiments in which Si͑111͒ was exposed to small amounts of Cl 2 and ͑laser induced͒ surface changes were observed. The interaction of laser radiation with matter, as taking place in SHG experiments, is described by the induced polarization P͑͒ = 0 ͑͒E͑͒ in the material, where is the electric susceptibility of the material and E͑͒ is the electric field associated with the incoming laser radiation. 19 When the field intensities are sufficiently high, nonlinear effects have to be included in the description. Within the dipole approximation, the first additional contribution to the linear polarization can be described by
where J ͑2͒ is the second-order susceptibility of the material. Symmetry rules dictate that ͑2͒ ϵ 0 m/ V in the bulk of centrosymmetric materials such as c-Si and a-Si. At surfaces and interfaces the symmetry is broken and SHG radiation can be generated, thereby allowing SHG to be surface and interface sensitive. However, higher order bulk terms, e.g., quadrupole terms, can also radiate at 2 and, in general, cannot be disregarded.
Similar to other optical techniques, SHG is resonantly enhanced by electronic transitions in the sample and can, in principle, yield information about the electronic structure. The experimental signal at a single photon energy can be the superposition of multiple resonances, which can also have different spatial origins. Using the theory reported by Erley et al., 20 the spectroscopic SHG data of the layered structures can be decomposed into a number of separate resonant contributions. In their approach the spectroscopic SHG intensity I follows 9, 20 
where I in is the intensity of the incident fundamental radiation. The subscript L in this equation refers to the spatial origin ͑e.g., surface or interface͒ of the resonances. The factor A L ͑͒ denotes complex functions that describe the linear propagation of both the fundamental and the SHG radiation through the system and include linear optical phenomena such as reflection, refraction, and absorption. The surface or interface second-order susceptibility is approximated by a coherent superposition of critical-point-like resonances with excitonic line shapes,
where h q denotes the ͑real͒ amplitude, q is the frequency, ⌫ q is the linewidth, and q is the excitonic phase of resonance q. The line shape is derived from the well-studied linear dielectric function of bulk c-Si, where the excitonic line shape represents the best approximation for the E 1 critical point ͑CP͒. 21 This approximation has proven to be useful in SHG for other transitions than the E 1 CP as well. 7, 9, 12, 20, 22 For the approximation in Eq. ͑3͒, it is assumed that the SHG response is resonant at 2, with the fundamental photon energy far from a resonance. For resonant direct interband transitions at the fundamental photon energy, the 2 in the denominator of Eq. ͑3͒ can be replaced by .
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This article continues with a short review of the relevant results and conclusions from the previous work on the experimental setup used in this work, as well as from reports in literature ͑Sec. II͒. In Sec. III the vacuum and laser setup and experimental procedures are discussed, followed by the results and discussion of spectroscopic and time-resolved SHG measurements in Sec. IV. Finally, some concluding remarks are given in Sec. V.
II. PREVIOUS STUDIES ON THE a-SI/ c-SI SYSTEM: STATE OF THE ART
Previous studies on Si͑100͒ performed by Stevens et al., 23 who used spectroscopic ellipsometry ͑SE͒, as well as by others, 24 have shown that ion bombardment of crystalline samples creates a layered system. The ions damage the top of the sample essentially as deep as the penetration depth of the ions, rendering the top layer of the sample amorphous. 25 The linear optical properties of the amorphized region, the ioninduced a-Si, have been studied and appear to be basically independent of the ion energy and are similar to a-Si measured by others in different contexts. [26] [27] [28] Additionally, ion bombardment tends to result in a smooth surface of the sample, although the final value of the ͑low͒ roughness is a function of the ion energy. This is in contrast to spontaneous etching of Si by XeF 2 , which results in increased surface roughness with increasing XeF 2 dose. Time-resolved ion bombardment studies have shown that the initial amorphization of the top layer might be governed by two processes. For example, the evolution of the a-Si layer thickness created by 70 eV Ar + ions can be described with 1 / e time constants, expressed in Ar + -ion dose of 2 and 9 ML, 29 respectively. Once ion bombardment is terminated the a-Si layer exhibits bulk relaxation behavior. Stevens et al. 23 showed that the changes in the linear optical response of the a-Si/ c-Si system as a result of the relaxation can be described by fitting the apparent change in layer thickness ⌬d using a stretched exponential ⌬d͑t͒ = ⌬d ϱ ͕1 − exp͓− ͑t/͒ ␣ ͔͖, ͑4͒ with = 360 s, ␣ = 0.32, and ⌬d ϱ is the final apparent change in the layer thickness, which is typically of the order of 10% of the total thickness. Such a stretched exponential decay is commonly used and observed in defect dominated relaxation in amorphous materials, with similar values for and ␣.
30,31
Molecular dynamics ͑MD͒ simulations performed by Humbird et al. 32 substantiate the experimental observations reported by Stevens et al. 23 The observed time scales, i.e., the dose dependence, of the amorphization process in the experiments are similar in the simulations using the same experimental condition. Humbird 9 of a locally flat interface between a-Si and c-Si, relevant in the interpretation and evaluation of both SE and SHG data.
Recently, the SHG response of H-terminated Si͑100͒ during Ar + -ion bombardment in the photon energy range of ប = 1.33-1.75 eV was reported by our group. 9 The measurements comprised of the time-resolved SHG response on the onset of Ar + -ion bombardment and the spectroscopic response as a function of ion energy. The optical response could be modeled by using the excitonic line shape model discussed in the Introduction with two resonances, while describing the optical system with three components, i.e., vacuum, a-Si film, and c-Si substrate. It was concluded that the SHG response of the samples in this photon energy range is dominated by a two-photon resonance around 2ប = 3.36 eV related to the E 0 Ј/ E 1 transitions in c-Si near the a-Si/ c-Si interface, with an additional two-photon contribution around 2ប = 3.2 eV related to Si-Si bonds at the a-Si surface. The energy, linewidth, and the excitonic phase of the contributions were basically independent of the Ar + -ion energy. Exposure of the a-Si/ c-Si sample to XeF 2 could quench the surface contribution, which aided the interpretation of the data in terms of the localization of the resonances. These measurements led to the following picture of the a-Si/ c-Si system: Ar + -ion bombardment creates an a-Si layer, which acts as an optical layer. The surface SHG derives from distorted Si-Si bonds which can be neutralized by exposure to reactive gases, while the interface contributes to the SHG by Si-Si bonds in the first c-Si layers below the interface. The latter contribution is stable with respect to sample handling.
To gain further insight, the laser system was extended to facilitate SHG experiments in the photon energy range of ប = 0.76-1.14 eV, which will be the focus of this work. Combining this photon energy range with that of ប = 1.33-1.75 eV provides more information due to a larger total photon energy range. Additionally, the lower photon energies have the advantage of negligible absorption of the fundamental and SHG radiation in the silicon, in contrast to higher photon energies. Finally, the fundamental radiation of ប = 0.76-1.14 eV overlaps with the energy region associated with dangling bond states on c-Si. It therefore possibly allows for the detection of one-photon resonances of dangling bonds. This could potentially enable the monitoring of defect dynamics related to those dangling bond states. However, it is already noted that this approach needs careful interpretation; when there are multiple contributions from multiple spatial origin, it is easy to overinterpret the data.
III. EXPERIMENT

A. Multiple beam setup
The experimental beam setup has been described extensively in previous publications, 9, 23, [33] [34] [35] and therefore only the most important features will be described here. Briefly, the setup consists of a high vacuum chamber with a base pressure below 10 −8 mbar. Samples of approximately 10 ϫ 10 mm 2 in size can be loaded in the chamber from a load lock, which can store up to six samples. When loaded, Ar + ions from a low energy ͑10-2000 eV͒ ion beam ͑Nonsequitur Technologies, customized version of Model LEIG-2͒ can be directed on the sample at an angle of 45°from the normal. Typical average fluxes ⌽ Ar + are 0.01 ML/s for ion energies below 70 eV and 0.4 ML/s for 1000 eV. 36 The ions are created from 99.999% pure argon gas. Additionally, the setup is equipped with a well characterized thermally controlled XeF 2 neutral beam with an average flux ⌽ XeF 2 adjustable from 0.05 to 2 ML/s. The XeF 2 beam has an angle of incidence of 52°with respect to the sample surface normal. 
B. Laser system and optics
The laser system used in this work consists of a series of lasers. A Ti:sapphire oscillator ͓Spectra Physics ͑SP͒ Tsunami, 80 MHz, ϳ90 fs, and 1.55 eV͔ is pumped by an intracavity frequency doubled cw Nd: YVO 4 laser ͑SP Millennia Vsj͒. The oscillator, which is tuned to 1.55 eV, is used to seed a regenerative Ti:sapphire amplifier ͑SP Spitfire HPR͒. The amplifier is pumped by an intracavity frequency doubled Q-switched Nd:YLF laser ͑SP Evolution 30͒. The resulting laser pulse, which now has a repetition rate of 1 kHz, is used to pump an optical parametric amplifier ͑OPA͒ ͑Light Conversion TOPAS-C͒. The OPA is a two-stage amplifier of whitelight continuum, which is generated in a sapphire plate. The white-light beam is overlapped noncollinearly with pump radiation in a beta-barium borate ͑BBO͒ crystal. The resulting signal beam is overlapped collinearly with pump radiation in the second BBO crystal. The signal beam from this setup is in the 0.76-1.14 eV photon energy range, has a pulse duration of ϳ90 fs, and typically has 300 J per pulse depending on the photon energy.
A schematic representation of the optical setup for the measurements is depicted in Fig. 2 Thompson polarizer ͑NF 5525͒. All experiments discussed in this article were performed using p-polarized fundamental and SHG radiation with an average power of the fundamental radiation around 8 mW. A fraction of the fundamental radiation was split off to provide a reference signal from a single side polished z-cut ␣-quartz sample. The remaining part of the beam was directed to the in situ setup. Except for the optical windows of the vacuum setup ͑stress-free fused silica͒, both optical paths consisted of similar optical elements. Any SHG present or generated in the optical path was removed by a color filter ͑Schott RG850͒ before reaching the sample. The beam was then focused onto the sample using a BK7 lens ͑CVI PLCX 25.4-103.0-C͒. In the exit beam the fundamental and third harmonic radiation was suppressed by color filters. Depending on the photon energy, either a combination of Schott KG3 and OG515 filters or a single Schott RG9 was used. The analyzing polarization was set by a polarizer ͑Thorlabs GL10A for the in situ channel and NF 5524 for the reference channel͒. The remaining fundamental radiation was spatially separated using a Pellin Broca prism and focused on a slit with a BK7 lens ͑CVI PLCX 25.4-64.4-C͒. The SHG radiation was detected using a photomultiplier tube ͑PMT͒ ͑Hamamatsu R928͒ in combination with an electrical resistor-condensator ͑RC͒ circuit. The time dependent response of the voltage on the capacitor of this RC circuit was measured with a 100 MHz transient recorder ͑TUeDACS͒, providing a measure for the accumulated charge in the PMT during each laser pulse and, consequently, for the SHG intensity.
C. Additional diagnostics
The etch products desorbing from the sample during processing and reflected beam species were monitored with a differentially pumped line-of-sight quadrupole mass spectrometer ͑QMS͒ at normal incidence to the sample ͑see Fig.  1͒ . This QMS is capable of monitoring mass-to-charge ratios m / z from 1 to 500 in steps of approximately 0.2.
Stevens et al. 23 established the linear optical properties of the samples in an in situ study by using a rotating compen-
D. Sample preparation and experiments
The experiments were performed with H-terminated Si͑100͒ samples ͑n-type, phosphorus doped, 10-30 ⍀ cm͒. The samples were cleaned and etched by a standard clean ͑RCA1 and RCA2͒ with an intermediate and final HF dip ͑2%͒ to remove the native oxide. Immediately after the final rinsing, the samples were transferred into the load lock of the vacuum chamber, preventing reoxidation of the surface. The samples were mounted at an azimuthal angle of 45°with respect to the ͓001͔ crystal axis.
The SHG measurements had a time resolution around 2 ms. Before further processing, the data were normalized point-to-point against the SHG response from the reference quartz sample to reduce shot-to-shot laser beam variations and drift in the laser intensity. Every point in the figures of the time dependent experiments is the average of 1000 data points. Every point in the figures with spectra was averaged over 30 s, i.e., an average over approximately 1.5ϫ 10 4 data points.
Because of sample-to-sample fluctuations in the absolute value of the SHG response, mainly due to small variations in the alignment of the sample, the following procedure was used to normalize the results from various experiments. On each sample, after the final measurement, the ion energy and flux were increased to 1000 eV and 0.04 ML/s respectively, and the SHG response was measured at a photon energy of ប = 1.0 eV. Because this is the highest ion energy and flux used in the experiments, with the most expected sample damage, the SHG signal in steady state is assumed to be independent of the sample history under Ar + -ion bombardment. All experiments were therefore normalized to that condition. Instead, the data of the experiment with XeF 2 dosing were normalized to the steady-state level measured just prior to the actual dosing because it is not investigated yet what the influence of the presence of F is on the signal during subsequent Ar + -ion bombardment. To directly compare the spectra obtained in this work with those reported by Gielis et al., 9 the SHG response of the different experiments was expressed on a common scale. The reflection coefficient 37, 38 R, which is independent of the laser beam properties ͑but not of the angle of incidence͒, was chosen as a suitable common scale and is defined by
͓compare to Eq. ͑2͔͒. The Appendix contains the procedure how the numerical value for R was obtained in this work.
As it is unknown a priori whether the SHG stems from a one-photon, a two-photon transition, or both, the spectroscopic data in this article are presented with both the fundamental ͑bottom axis͒ and the second-harmonic photon energy ͑top axis͒ depicted in the figures. 
follows an optical path containing a reference quartz sample. This optical path with reference sample is equivalent to the depicted path with the sample under study.
IV. RESULTS AND DISCUSSION
A. Spectroscopic SHG response
In order to investigate the SHG response from c-Si͑100͒ during Ar + -ion bombardment, three SHG reflection coefficient spectra were measured, as shown in Fig. 3 . The first spectrum ͑circles͒ shows an H-terminated c-Si sample ͑H-Si͒, which is the starting condition for the experiments in this article. As can be seen in the inset of Fig. 3 , the spectrum contains a broad, not very distinct signature, which increases substantially with increasing photon energy, but apparently without reaching a maximum value for the photon energy range studied. The spectrum contains small scale features, but they are currently believed to be within the experimental error, which is governed by the laser ͑spatial͒ pulse shape and the measurement of the average power of the fundamental radiation.
When the sample is exposed to 70 eV Ar + -ion bombardment at a flux of 0.04 ML/s, the SHG signal increases over the whole spectral range by factors of 20-30 ͑Fig. 3, diamonds͒. The spectrum is measured under steady-state conditions during the Ar + -ion bombardment, effectively preventing a significant influence on the SHG signal from the presence of background species in the vacuum setup. 9 The shape of the H-Si spectrum and the 70 eV Ar + spectrum is very similar, although the data points at the edges of the spectral range are relatively higher for the H-Si spectrum.
In an attempt to separate surface contributions from subsurface contributions, the sample was exposed to a small dose of XeF 2 . To illustrate the procedure followed, Fig. 4 shows the time line of the experiment from the simultaneously measured QMS signal at a m / z ratio matching Xe + . The c-Si sample was exposed to 70 eV Ar + ions from t =0 s to t = 600 s. At the moment the Ar + -ion bombardment was stopped, the sample was exposed to the XeF 2 beam with a flux of ϳ1 ML/ s for about 13 s. As the spontaneous etch yield during this phase of dosing is on the order of 0.02 Si per incoming XeF 2 , 34 the dose is too small to substantially etch the a-Si. The third spectrum in Fig. 3 ͑triangles͒ shows the resulting SHG reflection coefficient. Although the shape of the spectrum remains approximately the same as the spectrum for the sample during Ar + -ion bombardment, the amplitude of the spectrum of the XeF 2 dosed sample is approximately three times smaller. This behavior implies that at least a part of the SHG signal during ion bombardment results from the surface of the a-Si layer, although it cannot unambiguously be excluded that the change results from an additional surface contribution due to the dosing ͑a contribution with opposite phase͒.
Gielis et al. 9 obtained SHG data in the photon energy range of ប = 1.33-1.75 eV on H-Si and during Ar + -ion bombardment of c-Si, as already discussed in Sec. II. For comparison, their results were converted to R ͑see Appendix͒ and are depicted together with the current results in Fig. 5 . In addition to the data, Fig. 5 contains three curves resulting from fitting the data in the ប = 1.33-1.75 eV photon energy range with excitonic line shapes, in accordance with Eq. ͑3͒. The spectrum of H-Si is fitted with one two-photon resonance at ប = 3.32 eV ͑continuous line͒. The fit of the a-Si/ c-Si stack created by 70 eV Ar + -ion bombardment from Ref. 9 was redone, 39 and in contrast to the original paper, the new fit was able to converge to acceptable values with all fitting parameters free ͑dotted line͒. Additional to the full spectrum, also the spectrum obtained by removing the surface contribution from the model in the a-Si/ c-Si stack is shown in Fig. 5 ͑dashed line͒. The resulting parameters are depicted in Table I .
When the fitted spectra in the photon energy range of ប = 1.33-1.75 eV are compared to the measured data in the photon energy range of ប = 0.76-1.14 eV, the trends suggest that the normalization procedure works well. From the comparison, it can be concluded that the SHG signal at low photon energies can largely be attributed to the tail of the known two-photon resonances in the E 0 Ј/ E 1 region. This also implies that the picture of the layered system with two spatially separated contributions also holds for the ប = 0.76-1.14 eV region.
B. Time-resolved SHG response
To gain insight into the time evolution of the SHG signal, the SHG intensity was monitored at a photon energy of ប = 1.0 eV from the start of the Ar + -ion bombardment. All time dependent experiments started with a clean H-Si sample, which was subsequently exposed to Ar + ions for 10 min. In Fig. 6 , the response for 70 eV Ar + -ion fluxes of 0.01, 0.02, and 0.04 ML/s is depicted. The latter condition is the same as for the spectra discussed in Sec. IV A. The SHG signal for the 0.02 and 0.04 ML/s measurements showed a steep increase in the first 5 s of Ar + -ion exposure to approximately 25% of the final steady-state value, while the 0.01 ML/s sample showed a much slower response. After the initial increase the response slowly reached a steady state which was obtained after several ML of Ar + -ion dose. The steadystate value for the 0.04 ML/s experiment was a factor 60 higher than the starting value of the SHG signal on H-Si, while this difference was smaller when lower fluxes were used. After the ion bombardment was stopped the signal showed a considerable decay for several minutes. The final steady-state level of the response reached after the decay was clearly different from the starting condition, as expected. Remarkably, for the 0.04 ML/s experiment the increase from the initial H-Si condition to the steady state during Ar + -ion bombardment is a factor 2 larger than expected from the spectra, which is not yet understood. The decrease afterward seems to be similar in magnitude to the change in the spectra when switching from Ar + -ion bombardment to XeF 2 dosing. Under the common assumption that the SHG signal is related to the surface density 40 of a ͑defect͒ state and considering that the linear optical properties of the a-Si top layer do not depend on the ion flux, several conclusions can be drawn. The fact that the steady-state SHG signal depends on the ion flux and that the signal changes after termination of the bombardment indicates that the density of the states is not only governed by creation, but that there is also a process involved that reduces the density of these states during and after ion bombardment. Such a process could be the reconstruction of the silicon, or the passivation of the surface by background species in the vacuum setup. Because the difference between the 0.02 and 0.04 ML/s experiment is substantially smaller than the difference between the 0.01 and 0.02 ML/s experiment, especially considering the quadratic behavior of the SHG intensity in the material property ͑2͒ ͓cf. Eq. ͑2͔͒, the surface density seems to reach a saturation value.
The initial slope in a figure of a time-resolved signal of a linear system is indicative of the fastest time constant involved. Investigation of the initial slope, instead of using the full signal, is especially valuable when the signal consists of multiple terms because the additional slower terms can substantially alter the shape of the full signal. Under the simple assumption that the contribution to the SHG intensity by the fastest term is quadratic in the density of some SHG generating electronic state ͑i.e., ͑2͒ is assumed linear in this den- sity͒, the appropriate time scale can be obtained. The initial slopes deduced from the square root of the data in Fig. 6 scale as 1:6:12, where the fluxes scale as 1:2:4. For a SHG signal that is created by the Ar + -ion bombardment, one would expect that the initial slope scales linearly in the Ar + -ion flux. These numbers seem to agree with that picture and might only indicate an overestimation of the lowest flux. However, a note should be added here because such an approach is nontrivial in the nonlinear system of SHG. Equation ͑3͒ shows that the total signal generally consists of several contributions, which can effectively have any phase difference, due to linear propagation and the terms related to q , and ⌫ q . As a result, it is possible for the fastest term directly related to the Ar + -ion bombardment to increase, e.g., like L ͑2͒ ͑t͒ϳ͓1 − exp͑−t / ͔͒, while the amplitude of the summed term in Eq. ͑2͒ is hardly affected initially, or even decreases.
For the decay of the SHG response after termination of the Ar + -ion bombardment, several explanations are proposed. The first explanation is that a thickness change due to bulk relaxation is responsible for the change in the signal, having an indirect influence on the SHG intensity because SHG is surface and interface specific. However, the change in layer thickness described by Eq. ͑4͒, using the values from Stevens et al., 23 is too small to explain the changes in the signal. As a second idea, the bulk relaxation can mediate changes at the surface or interface and Eq. ͑4͒ can be assumed to describe the relevant L ͑2͒ term in Eq. ͑2͒. Table I for the steady-state starting condition, the decay of the SHG signal is not described very well, however. The measured SHG signal decays slower than expected based on this explanation. Even adding a third ͑constant͒ contribution in Eq. ͑2͒ does not yield a reasonable fit ͑see Fig. 6͒ . The third explanation is that the flux of background gas species in the setup, especially H 2 O and O 2 , interacts with the surface. Using kinetic theory the flux is calculated from the background pressure of ϳ10 −8 mbar to be 0.05 ML/s, based on the worst case scenario that the background pressure is fully dominated by H 2 O and O 2 . 9 In this way, H 2 O and O 2 could quench the surface contribution in essentially the same way as XeF 2 did. The time constant associated with such a flux, i.e., the time for each surface site to be exposed to an impinging molecule, is of the same order of magnitude as the decay of the SHG signal, making this explanation probable, but which needs to be confirmed by in situ surface analysis. Most likely the real behavior is described by a combination of these effects.
Besides varying the ion flux, information can also be obtained by varying the ion energy. Because higher energy ions create more damage per ion than low energy ions, resulting in a thicker a-Si layer, differences in the optical path length could already lead to differences in the SHG response. Figure 7 shows the time dependent evolution of the SHG signal for three different ion energies, i.e., 70, 200, and 1000 eV, at approximately the same Ar + -ion flux of 0.04 ML/s, measured at ប = 1.0 eV. Again, just like in the case of varying Ar + -ion fluxes, the behavior of the signal differs in three ways. First the initial increase rate is higher for higher ion energy. Second, the steady-state value increases with higher energy. Third, the decay after termination of the ion bombardment varies. The differences will be discussed separately.
The change in the initial increase with Ar + -ion energy is expected in the sense that with increasing ion energy, each ion creates more damage and, consequently, at the same flux, the a-Si layer is built up faster. Under the same assumptions as discussed before, the initial slopes can be extracted and they scale as 1:2.5:26. When these numbers are compared with the ratios between the ion energies, i.e., 1:2.8:14, especially the latter value for an Ar + -ion energy of 1000 eV seems high.
The dependency of the steady-state value on the ion energy can be explained in several ways. First, the SHG could, in principle, result from bulk contributions. However, Gielis et al. 9 showed that for the photon energy range of ប = 1.33-1.75 eV, the SHG signal was not related to the bulk, making it unlikely here as well. A second explanation could be that the change in the optical paths results in the difference. However, using the optical model discussed in Sec. I with the parameters in Table I , the different path lengths only yield a small change that shows the opposite effect. The third explanation is based on the fact that it is plausible that the density of states contributing to SHG increases with increasing ion energy. This could lead to an additional contribution in the SHG spectrum at higher ion energies, a contribution that was not yet apparent for the spectrum obtained for 70 eV Ar + ions and therefore not necessary to be included in the fit of the spectrum. With the current data set, with limited SHG spectral data obtained for 1000 eV Ar + ions, it is not possible to address this issue in more detail.
The decay of the SHG signal after termination of the ion bombardment varies with Ar + -ion energy without showing an unambiguous trend. The 1000 eV ion energy experiment appears to decay slower than the other energy experiments. This behavior can be the result of the difference in the linear propagation due to different layer thicknesses, resulting in a different phase relation between the surface and interface terms. However, we are not yet able to adequately describe the decay consistently over all the samples.
V. FINAL REMARKS
We performed spectroscopic and time-resolved optical SHG during ion bombardment of Si͑100͒ by Ar + ions with fluxes of 0.01, 0.02, and 0.04 ML/s and energies of 70, 200, and 1000 eV. We extended the previously reported photon energy range of ប = 1.33-1.75 eV downward by investigating the SHG signal over the photon energy range of ប = 0.76-1.14 eV. The behavior of the a-Si/ c-Si system at the lower photon energies is in agreement with the earlier observations at the higher photon energy range and can be explained by two-photon contributions located near 2ប = 3.4 eV from both the surface and the a-Si/ c-Si interface. As discussed, the 2ប = 3.4 eV contributions are assigned to strained Si-Si bonds at the surface and at the a-Si/ c-Si interface. The results in this study show no distinguishable sign of SHG activity by dangling bonds, which, in principle, can also contribute to the signal at this photon energy.
The SHG intensity shows an increase upon Ar + -ion bombardment, involving multiple time scales. The longer time scale agrees well with those observed in SE measurements and MD simulations, indicating that the changes in the signal are related to the processes investigated in those studies, i.e., to the buildup of the a-Si top layer due to the amorphization process. The fastest process observed in the time-resolved spectra in this work, i.e., the changes in the first seconds, were not observed previously and might be more specifically related to the SHG experiments and its high sensitivity to surface and interface processes.
Although the data presented in this article improve the understanding of the Ar + -ion sputtering of Si, it is not yet possible to fully interpret the observed spectra and real-time data in terms of clear physical or chemical mechanisms.
Combining the SHG measurements with other in situ techniques will help in unraveling those mechanisms. Furthermore, the parameters in the model describing the spectra can be resolved better by measuring, not only the amplitude, but also the relative phase of the SHG signal. 41, 42 This basically doubles the amount of information and results in less ambiguous fit parameters by decoupling the fit for the amplitude and phase of the SHG contributions. Such extended measurements will be pursued in our future work. Better spectral model parameters will also aid the modeling of the dynamic, time dependent behavior during sputtering, and could thus provide new information on the sputtering process.
where V is the measured voltage, C = 30 pF is the capacity used to store the photon charge of the PMT, e is the electron charge, and G is the gain of the PMT. Because the gain of the PMT is not very accurately known, and the assumption that the beam parameters of the different lasers are the same is rather crude, it is expected that comparing the spectra is not perfect in absolute sense. Because these parameters only result in a relative difference between the two regimes, and the parameters of the laser in the ប = 1.33-1.75 eV photon energy range are better known, the spectra in the photon energy range of ប = 0.76-1.14 eV are finally adjusted with a constant factor of 4.8. This factor results from fitting such that the SHG signal of the H-Si sample in the photon energy range of ប = 0.76-1.14 eV lies on single resonance fit of the spectrum in the ប = 1.33-1.75 eV photon energy range, which does not suffer from the ambiguities resulting from multiple contributions to the SHG signal. It is therefore considered a good reference for relating the reflection coefficients obtained for the two spectral ranges. 
